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(54) Combustion control apparatus for engine 

(57) . When an engine (1 ) operates in a low and me- 
dium load area and in a low and medium speed area, 
the combustion mode is established as a compression 
ignition combustion (S2) and when the engine (1) oper- 
ates in other load and speed areas, the combustion 
mode is established as a spark ignition combustion (S3). 
Further, when the compression ignition combustion (S2) 
is performed, the mixture is stratified in the combustion 
chamber (3) and an ultra lean combustion is realized. 
As a result, both NOx reduction in an ultra lean condition 
and HC/CO reduction in an oxidation atmosphere can 
be obtained. On the other hand, when the spark ignition 
combustion (S3) is performed, a normal feedback con- 
trol of the air-fuel ratio activates a three-way catalyst 
(29) to reduce HC, CO and NOx simultaneously. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the invention 

[0001] The present invention relates to a combustion 
control apparatus for an engine and more particularly to 
a combustion control apparatus capable of switching a 
combustion mode over from a spark ignition combustion 
to a compression ignition combustion and vice versa ac- 
cording to engine operating conditions. 

2. Discussion of background arts 

[0002] Recent engines realize ultra lean mixture by 
charge stratification, intensive air turbulence and the like 
using in-cylinder injection type fuel injectors for directly 
injecting fuel into cylinders. These engines can operate 
with a wide range of air-fuel ratio by changing over be- 
tween an operation with lean air-fuel mixture aiming at 
a better fuel economy and an operation with stoichio- 
metric air-fuel ratio aiming at an improvement of air uti- 
lization ratio. 

[0003] In general, when an engine operates in a con- 
dition of stoichiometric air-fuel ratio, hydrocarbons (HC), 
carbon monoxide (CO) and nitrogen oxides (NOx) in ex- 
haust gas are purified by oxidation and reduction of a 
three-way catalyst. On the other hand, since a normal 
three-way catalyst has an inadequate purification capa- 
bility of NOx due to the effect of excess oxidation under 
a condition of lean air-fuel ratio, a lean NOx catalyst ca- 
pable of reducing NOx in an atmosphere of excess ox- 
idation or a NOx occlusion catalyst for reducing NOx in 
a condition of rich air-fuel ratio or at an area of stoichi- 
ometric air-fuel ratio, are used in combination with the 
three-way catalyst (see Japanese Patent Application 
Laid-open No. Toku-Kai 2000-337130). 
[0004] However, the lean NOx catalyst has a defect 
of small purification efficiency and its emission perform- 
ance is insufficient. Further, since sulfur contained in fu- 
el or lubrication oil is emitted as sulfuric oxides in ex- 
haust gas, NOx reduction catalysts such as lean NOx 
catalyst and NOx occlusion catalyst are poisoned by 
these sulfuric oxides. As a result, the durability of cata- 
lyst is much more inferior to that of the three-way cata- 
lyst. 



a variable valve timing mechanism capable of varying 
valve opening and closing timings of intake and exhaust 
valves comprises an air fuel ratio zone establishing 
means for establishing an air fuel ratio zone to an ultra 

5 lean zone where an air fuel ratio is ultra lean, when the 
engine operates in a low and medium load area and in 
a low and medium speed area and for establishing an 
air fuel ratio zone to a stoichiometric zone where an air 
fuel ratio is stoichiometric, when the engine operates in 

10 other load areas and in other speed areas, and a com- 
bustion mode establishing means for establishing a 
combustion mode to a compression ignition combustion 
mode where a compression ignition combustion is exe- 
cuted, when the air fuel ratio zone is established to the 

is ultra lean zone, and for establishing the combustion 
mode to a spark ignition combustion mode where a 
spark ignition combustion is executed, when the air fuel 
ratio zone is established to the stoichiometric zone. The 
spark ignition combustion is performed in accordance 

20 with a feedback control of air-fuel ratio while the three- 
way catalyst functions as a three-way catalyst and the 
compression ignition combustion is performed in ac- 
cordance with a non-feedback control of air-fuel ratio 
while the three-way catalyst functions as an oxidation 

25 catalyst. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] 

30 

Fig. 1 is a schematic drawing showing an spark ig- 
nition engine according to the present invention; 
Fig. 2 is a flowchart of a combustion control routine; 
Fig. 3 is a flowchart, of a compression ignition com- 
35 bustion control routine; 

Fig. 4a is a diagram for explaining combustion 
modes; 

Fig. 4b is a diagram for explaining combustion 
modes; 

Fig. 5a is a diagram for explaining valve timings of 
intake and exhaust valves at an ultra lean area; 
Fig. 5b is a diagram for explaining valve timings of 
intake and exhaust valves at a stoichimetric area; 
and 

Fig. 6 is a diagram for showing a relationship be- 
tween varve timings and cylinder pressure at a com- 
pression ignition combustion mode. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0008] Referring now to Fig. 1 , reference numeral 1 
denotes an engine, reference numeral 2 denotes a pis- 
ton, reference numeral 3 denotes a combustion cham- 
ber, reference numeral 4 denotes an intake port, refer- 
ence numeral 5 denotes an exhaust port, reference nu- 
meral 6 denotes an intake valve, reference numeral 7 
denotes an exhaust valve, reference numeral 8 denotes 
an intake passage and reference numeral 9 denotes a 



SUMMARY OF THE INVENTION 

50 

[0005] It is an object of the present invention to pro- 
vide a combustion control apparatus capable of reduc- 
ing NOx emissions under a condition of ultra-lean air fuel 
ratio without using NOx reduction catalysts and to pro- 
vide a combustion control apparatus excellent in dura- 55 
bility and reliability. 

[0006] To attain the object, a combustion control ap- 
paratus for an engine having a three-way catalyst and 
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throttle valve. The throttle valve 9 is interlocked with an 
electronic throttle control apparatus (not shown) which 
is electronically controlled. Further, an injection nozzle 
of a fuel injector 11 is provided in the center of a ceiling 
surface of the combustion chamber 3. Further, a piston 
cavity 2a which is inwardly concave is formed on the top 
surface of the piston 2 in an injection direction of the fuel 
injector 11. Further, an electrode of a spark plug 12 is 
provided on one side (squish area according to this em- 
bodiment). Reference numeral 1 6 denotes a knock sen- 
sor and reference numeral 17 denotes a coolant tem- 
perature sensor. Further, an oxygen sensor 18 is dis- 
posed in an exhaust passage 28 connecting to the ex- 
haust port 5 and a three-way catalyst 29 is installed 
downstream of the oxygen' sensor 18. The oxygen sen- 
sor 18 is a means for detecting air-fuel ratio and the 
three-way catalyst 29 is for oxidize carbon mono-oxide 
(CO), hydrocarbons (HC) and for reducing or deoxidize 
nitrogen oxides (NOx). 

[0009] Further, the intake valve 6 and exhaust valve 
7 are interlocked with variable valve timing mechanisms 
13a, 13b respectively. According to the embodiment of 
the present invention, the variable valve timing mecha- 
nism 13a has a two-way cam, a spark ignition intake 
cam and a compression ignition intake cam and the var- 
iable valve timing mechanisms 1 3b has a two-way cam, 
a spark ignition exhaust cam and a compression ignition 
exhaust cam. These respective cams are selected ac- 
cording to operation areas of the engine 1 . 
[0010] As shown in Fig. 5a, cam profiles of the com- 
pression ignition exhaust cam and the compression ig- 
nition intake cam are formed such that a valve closing 
timing of the exhaust valve 7 EVC and a valve opening 
timing of the intake valve 6 IVO are established so as to 
be almost symmetric to each other with the exhaust top 
dead center (TDC) between. As a result, a negative 
overlap period in which both valves 6, 7 are concurrently 
close is formed between the valve closing timing EVC 
and the valve opening timing IVO. 
[0011] Further, as shown in Fig. 5b, cam profiles of 
the spark ignition intake cam and the spark ignition ex- 
haust cam are established such that the valve opening 
timing of the intake valve 6 IVO is advanced before the 
exhaust top dead center (TDC) and the valve closing 
timing of the exhaust valve 7 EVC is retarded after the 
exhaust top dead center (TDC). As a result, a positive 
(normal) valve overlap period in which both valves con- 
currently open is formed in the neighborhood of the ex- 
haust top dead center (TDC). 

[0012] Further, signals sensed by the respective sen- 
sors are inputted to an electronic control unit (ECU) 20. 
The ECU 20 is a micro-computer constituted by CPU 
21, ROM 22, RAM 23, an input port 24, an output port 
25, a bus line 26 and the like. 

[0013] Besides those sensors, the input port 24 is 
connected with a crank angle sensor 31 that generates 
crank pulses every specified crank angle and is also 
connected with a load sensor 33 that generates an out- 



put voltage corresponding to the amount of depression 
- of an accelerator pedal 32 through an A/D converter 34. 
Further, the output port 25 is connected with the variable 
valve timing mechanisms 13a, 13b through an intake 
5 valve actuating circuit 36a, an exhaust valve actuating 
circuit 36b, respectively. Further, the output port 25 is 
connected with the spark plug 12 through an ignition 
drive circuit 36c and is connected with the in-cylinder 
injection type fuel injector 11 through an injector drive 
10 circuit 36d. 

[0014] The electronic control unit (ECU) 20 obtains 
the current engine operating area parameterizing en- 
gine speed Ne calculated from a signal of the crank an- 
gle sensor 31 and engine load Lo calculated from a sig- 
15 nal of the load sensor 33. Then, the ECU 20 investigates 
which area the current engine operating area is located 
in, an ultra lean zone or a stoichiometric zone. When the - 
operating area is in the ultra lean zone, the combustion 
mode is established lo a compression ignition combus- 
20 tion and when the operating area is in the stoichiometric 
zone, the combustion mode is established to a normal 
spark ignition combustion. 

[0015] Specifically, the combustion control executed 
in the ECU 20 is processed according to the combustion 
25 control routine shown in Fig. 2. In this routine, at a step 
S1 a current operation area of the engine is investigated 
by reference to operation area judging tables shown in 
Fig. 4a and 4b using the interpolation method based on 
engine load Lo and engine speed Ne. According to the 
30 operation area judging tables, an ultra lean zone is sub- 
stantially established in a low and medium load and low 
and medium speed area and a stoichiometric zone is 
substantially established in a high load and high speed 
areas. 

35 [0016] When the operation area is located in an ultra 
lean zone, the program goes to a step S2 where the 
compression ignition combustion control is carried out 
and leaves the routine. When the operation area is lo- 
cated in a stoichiometric zone, the program goes to a 
40 step S3 where the spark ignition combustion control is 
carried out and leaves the routine. 
[0017] The compression ignition combustion control 
carried out in the step S2 is processed according to the 
compression ignition combustion control routine. In this 
45 routine, first at a step S1 1 , the throttle valve 9 fully opens 
and at the next step S1 2, respective signals for selecting 
a compression ignition intake cam and compression ig- 
nition exhaust cam are outputted to the variable valve 
timing mechanisms 13a, 13b. 
50 [0018] Then, as shown in Fig. 5a, the intake valve 6 
and exhaust valve 7 perform opening and closing oper- 
ations so as to form a negative overlap period in which 
both intake and exhaust valves 6, 7 concurrently close 
in the vicinity of the exhaust top dead center (TDC). As 
55 a result, the residual gas is shut in the combustion cham- 
ber 3 for the negative overlap period and the thermal 
energy of the residual gas heats up a charge sucked 
into the combustion chamber 3 at the intake stroke. As 
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a result, the temperature of the charge in the combustion 
chamber 3 rises to reach the self ignitable temperature 
at the compression stroke. 

[0019] Next, the program goes to a step S13 where 
the compress ion ignition fuel injection control is carried s 
out and leaves the routine. In this compression ignition 
fuel injection control, the fuel injection quantity and fuel 
injection timing are variably established, respectively. 
[0020] That is, the fuel injection quantity is controlled 
in such a manner that the air fuel ratio becomes lean 10 
gradually with a decrease of engine speed Ne and en- 
gine load Lo. On the other hand, the fuel injection timing 
is established at a relatively late timing in the latter half 
of the compression stroke, when the engine operates in 
a low load area and in a low and medium speed, and is 
the fuel injection timing is established at a relatively ear- 
ly timing from the closing of the exhaust valve 7 (starting 
of the negative valve overlap) to the first half of the com- 
pression stroke, when the engine operates in a medium 
load area and in a low and medium speed area. 20 
[0021 ] Thus, since fuel is injected from the in-cylinder 
injection type fuel injector 11 toward the combustion 
chamber 3 at a 'relatively late timing in the latter half of 
the compression stroke, stratified charge is locally 
formed in the combustion chamber 3 of which gas is 25 
reaching self-ignitable temperature and an ultra lean 
mixture becomes combustible. On the other hand, since 
the fuel injection timing is established at a relatively ear- 
ly timing after the closing of the exhaust valve 7, homo- 
geneous mixture is formed before gas in the combustion 30 
chamber 3 reaches a self-ignitable temperature and as 
a result the whole mixture is concurrently ignited when 
the mixture reaches an ignitable temperature. Such 
combustion is a combustion not accompanied by flame 
propagations and is called "multi-spots combustion" like 35 
having an infinite number of spark plugs or "homogene- 
ous compression ignition combustion". 
[0022] Since the compression ignition combustion in 
an ultra lean condition is performed below the NOx for- 
mation temperature, very small quantity of NOx is emit- 40 
ted. Further, since the air excess ratio is high, the three 
way<^talyst 29 acts as an oxidation catalyst in which 
CO and HC contained in exhaust gas are purified by ox- 
idization. As a result, the compression ignition combus- 
tion in an ultra lean zone produces very dean exhaust 45 
emissions without the feedback control of air fuel ratio. 
[0023] When it is judged at the step S1 that the oper- 
ation area is in a stoichiometric zone, the program goes 
to a step S3 where a normal combustion control based 
on spark ignition is performed. According to this normal so 
combustion control, first the ECU 20 outputs signals for 
changing the compression ignition cams to the spark ig- 
nition cams to the variable valve timing mechanisms 
13a, 13b, respectively. As a result, the intake valve 6 
and exhaust valve 7 operate according to the normal ss 
valve timing based on spark ignition, that is, the valve 
timing having a positive valve overlap period (see Fig. 
5b) in which both valves 6, 7 concurrently open from the 



latter part of the exhaust stroke to the initial part of the 
intake stroke. The cam profiles of the spark ignition in- 
take cam and the spark ignition exhaust cam are de- 
signed so as to have a maximum volumetric efficiency, 
. respectively. 

[0024] At the same time, the throttle valve 9 is re- 
turned to an interlocking condition with the accelerator 
pedal 32. Further, fuel injection quantity, fuel injection 
timing, ignition timing and the like are returned to the 
spark ignition control strategy. For example, in the fuel 
injection control, the feedback control is performed so 
that mixture gas is burned stoichiometric^ ly based on 
the air fuel ratio detected by the oxygen sensor 1 8. Fur- 
ther, HC, CO and NOx are purified by the oxidation and 
reduction of the three-way catalyst 29. 
[0025] Thus, according to the embodiment of the 
present invention, the combustion temperature can be 
reduced below the NOx formation temperature by intro- 
ducing a compression ignition combustion in an ultra 
lean area and as a result the three-way catalyst can re- 
duce NOx under an ultra lean condition without using 
lean NOx catalysts or NOx occlusion catalysts. Further, 
the durability and reliability of catalyst has been greatly 
improved. 

[0026] Further, in an ultra lean area, due to the high 
air excess ratio, since the three-way catalyst can be 
functioned as an oxidation catalyst, the air-fuel ration 
feedback control comes into disuse. 
[0027] While the present invention has been dis- 
closed in terms of the preferred embodiment in order to 
facilitate better understanding of the invention, it should 
be appreciated that the invention can be embodied in 
various ways without departing from the principle of the 
invention. Therefore, the invention should be under- 
stood to include all possible embodiments which can be 
embodied without departing from the principle of the in- 
vention. 



Claims 

1. A combustion control apparatus for an engine (1) 
having an intake valve (6), an exhaust valve (7), a 
spark plug (12), a three-way catalyst (29), an air- 
fuel ratio detecting sensor (1 8) and a variable valve 
timing mechanism (1 3a, 1 3b) capable of varying the 
valve opening and closing timing of the intake and 
exhaust valves (6, 7), 
characterized by comprising: 

- air fuel ratio zone establishing means for estab- 
lishing an air fuel ratio zone as an ultra lean 
zone where an air fuel ratio is ultra lean, when 
the engine (1) operates in a low and medium 
load area and in a low and medium speed area, 
and for establishing an air fuel ratio zone as a 
stoichiometric zone where an air fuel ratio is 
stoichiometric, when the engine (1 ) operates in 
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other load areas and other speed areas; and 
combustion mode establishing means for es- 
tablishing a combustion mode as a compres- 
sion ignition combustion mode (S2) where a 
compression ignition combustion is executed, 5 
when the air fuel ratio zone is established as 
the ultra lean zone, and for establishing the 
combustion mode as a spark ignition combus- 
tion mode (S3) where a spark ignition combus- 
tion is executed, when the air fuel ratio zone is io 
established as the stoichiometric zone. 

2. The apparatus according to claim 1 , 
characterized in that the spark ignition combus- 
tion is performed in accordance with a feedback is 
control of the air fuel ratio while the three-way cat- 
alyst (29) functions as a three-way catalyst. 

3. The apparatus according lo claim 1 , 
characterized in that the compression ignition 20 
combustion is performed in accordance with a non- 
feedback control of the air-fuel ratio while the three- 
way catalyst (29) functions as an oxidation catalyst. 

4. The apparatus according to any of claims 1 to 3, 25 
characterized in that the compression ignition 
combustion is performed in a lean air-fuel ratio con- 
dition and the spark ignition combustion is per- 
formed in a stoichiometric air-fuel ratio condition. 
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FIG.1 
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FIG.2 
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FIG.4a 
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FIG.5a 
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FIG.5b 
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